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CORROSION SCIENCE SECTION 

Factors Contributing to Corrosion of Steel Pilings 
in Duluth-Superior Harbor 

Ft. Ray.'J. Lee,"andB. Little* 

ABSTRACT 

Field observations and laboratory testing were used to con- 
clude thjat aggressive localized corrosion of carbon steel pil- 
ings in Duluth-Superior Harbor. Minnesota and Wisconsin, is 
caused by the following sequence of biological, chemical, and 
physical events. Iron-oxidizing bacteria colonize the carbon 
steel sheet pilings and produce tubercles, made up of intact 
and/or partly degraded remains of bacterial cells mixed with 
amorphous hydrous ferric oxides. V\e reducing conditions 
beneath the tubercles cause copper dissolved in the ivater 
to precipitate. A galvanic couple is established betiveen the 
copper layer and the iron substratum. Ice scouring breaks 
the tulx'rcles. Exposure of the copper-covered iron to oxygen 
causes the galvanic current to increase. The result is aggres- 
sive localized corrosion. 

KEY WORDS: bacteria, carbon steel, corrosion. Duluth-Superior 
Harbor, microbiologically influenced corrosion, pilings 

INTRODUCTION 

Carbon steel (CS) sheet piling (1.2-cm-lhick A328' 
eold-rolled) used for docks, bridges, and bulkheads 
in the Duluth-Superior Harbor (DSH), Minnesota 
and Wisconsin, is corroding at an accelerated rate.2"3 

DSH is located at the extreme western end of Lake 
Superior and is described as a freshwater estuary.'' 
The Lake Superior watershed has been described "as 
an ecosystem that was disturbed earlier by turn-of- 

Subniltted for publication July 2000; in revised form. August 
20(H). 
Corresponding author. E-mail: ja8on.lee3nrl8sc.navy.mll. 
Naval Research Laboratory, 0<xle 7,'i32, Stennls Space Outer. MS 
39529-5004. 

the-century mining in a patchwork manner along the 
shoreline. Portions of the lake are in a recovery phase, 
whereas other areas are still impacted by slow resus- 
pension-deposition dynamics and continuing mining 
activities."5 

Of all the Great Lakes, Lake Superior contains 
the strongest development of a separate coastal 
regime, chemically and biologically distinct from off- 
shore waters.1' Kerfoot and Robbins" cite erosion of 
metal-rich ore bodies around Lake Superior as a 
source of Cu enrichment in shoreline sediments. Lake 
Superior is a monomictic lake, meaning that dur- 
ing the summer it separates into two layers based on 
water density, then from fall to spring the layers are 
mixed together causing a cycling of elements. DSH Is 
polymitic, i.e.. seiches or free standing wave oscilla- 
tions are almost always present, suspending parlicu- 
lates into the water column.7 DSH is icebound from 
mid-December to mid-April and during that time has 
a durable, well-defined ice cover.1 Freeze ice thick- 
nesses in DSH range from 0.5 m to 1.4 m in addition 
to snow ice, stack ice, and Ice from wave and splash 
action along harbor walls." 

The corroded pilings (Figure l[a]) have an 
orange rusty appearance characterized by tuber- 
cles. The term tubercle is used throughout this paper 
to describe corrosion products and deposits cover- 
ing areas of localized corrosion. Divers report thai 
tubercles are randomly distributed from the water- 
line to approximately 3 m below the surface.8 Scott, 
et al.,w report thai tubercles can be removed by hand 
and that regrowth occurs. Tubercles vary in diame- 
ter from a few millimeters to several centimeters and 
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CORROSION SCIENCE SECTION 

FIGURE 1. DSH piling with visible perforation at the water line. 
Photograph reproduced with permission from Gene Clark, Wisconsin 
Sea Grant Program. 

TABLE 1 
Corrosion and Water Quality 

Water: Slightly Alkaline (pH 7.5 to 8.5), Oxic (7 to 9 mg O^L) 

Corrosion Sulfate"" Chloride"" 
Site Rating1*1 (mg/L) (mg/L) 

Duluth Entry Low-Moderate 4 to 6 <10 
Cutler-Magner — 19 14 
Midwest Energy High 32 21 
Oliver Bridge Moderate 14 11 
Superior Entry Low-Moderate 6 to 16 10to1 

1' Characterization by AMI Consulting Engineers (Duluth, Minnesota). 
|B> September 19-24, 2006; Trace Analytical Laboratories, Inc. (Mus- 

kegon, Michigan). 

when removed, large and often deep pits are exposed. 
In some eases the CS is perforate. Below 3 m the 
attached zebra mussel [Dressena polymorplia) popu- 
lation is dense and few tubercles are observed. Zebra 
mussels are small, fingernail-sized mussels native to 
the Caspian Sea. They were first observed in Lake St. 
Clair. Minnesota, in 1988 and have since spread to all 
of the Great Lakes. 

Accelerated corrosion of CS pilings in estua- 
rine and marine harbors is a global phenomenon.9 

The term "accelerated low water corrosion" (ALWC) is 
used to identify the phenomenon. The detailed mech- 
anism of ALWC in marine/estuarine environments 
continues to be a matter of some debate, but several 
researchers have concluded that it is a form of micro- 
biologically Inlluenced corrosion (MIC).1"" Gehrke 
and Sand1'' completed a three-year study of pilings in 
German marine harbors with and without corrosion. 
They concluded that the ALWC was due to a combina- 

tion of sulfate-reducing bacteria (SRB) and thiobacilll 
in the fouling layers on the pilings. The sulfides pro- 
duced by the SRB in the anaerobic regions and sul- 
furic acid resulting from the thiobacilli in the aerobic 
regions combined to produce an extremely corrosive 
environment. 

There are obvious differences in the observations 
in DSH and reports of ALWC. ALWC is observed in 
the low water zone, just below the tidal zone. In saline 
waters containing gram per liter quantities of sulfate 
(SOj). DSH is a fresh water harbor with milligram per 
liter concentrations of sulfate. Corrosion In DSH is 
localized to the top 3 m below the surface and water 
depth is not significantly influenced by tides. 

Table 1 summarizes observations and measure- 
ments made in DSH prior to this investigation.13 The 
Larson-Skold Index (LSI) that describes the corrosive- 
ness of water toward mild steel Is based upon evalua- 
tion of in situ corrosion of mild steel lines transporting 
Great Lakes waters. The index is the ratio of equiva- 
lents per million (epm) of SO* and chloride (Cl) to the 
epm of alkalinity in the form bicarbonate plus carbon- 
ate. An LSI « 0.8 indicates that CL and SOf proba- 
bly will not interfere with natural film formation. The 
LSI for the St. Louis River ranges from 0.22 to 0.65, 
indicating low corrosiveness. Bushman and Phull14 

determined that stray currents were not the cause of 
corrosion in DSH. The corrosion was also determined 
to be independent of the type and age of the CS. Field 
and laboratory tests described in this paper were 
designed to examine the potential role of microorgan- 
isms in the localized corrosion. 

METHODS AND MATERIALS  

Field Experiments 
To assess rates of corrosion throughout the har- 

bor, the Duluth Seaway Port Authority (Duluth, 
Minnesota) and the U.S. Army Corps of Engineers. 
Detroit District (Detroit. Michigan), developed a sys- 
tem to evaluate the impacts of corrosion on steel of a 
known mass and over a specific exposure period. A 
standard coupon consisted of a section of 0.9525-cm- 
thick A328 (0.035% max. P, 0.04% max. S, and 0.20% 
min. Cu) cold-rolled sheet pile cut to an average size 
of 19.3 cm by 11.6 cm and sandblasted to SP5 white 
metal blast cleaning specification.15 Prior to expo- 
sure, the steel sheet pile structures were washed 
with a 4,000-psi pressure washer to remove marine 
growth and any existing corrosion.1" Sample trays 
were welded to the clean steel structures (AMI Con- 
sulting Engineers, Duluth. Minnesota) using under- 
water welding techniques as described in American 
Welding Society specification D3.617 using E70XX 
welding rods. Trays were installed with the top of 
the tray at 1 m below the Lake Superior Interna- 
tional Great Lakes Datum water level.18 Divers col- 
lected coupons from the following locations in the 
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s Duluth entry 

£ • 

Vessel yard 

Port Authority 
, 

w. -.^B Cenex 

>.- 

Oliver Bridge (upstream control) 

FIGURE 2. Map of Duluth Superior Harbor, Minnesota and Wisconsin. 

DSH: Cutler-Magner (10/03/06 to 10/08/08 expo- 
sure) and Midwest Energy (10/17/06 to 10/08/08 
exposure) and upstream In the St. Louis River at Oli- 
ver Bridge (10/04/06 to 10/08/08 exposure) (Figure 
2). Samples were placed into acrylic boxes with St. 
Louis River water and shipped to Naval Research Lab- 
oratory, Stennis Space Center. Mississippi. Tubercles 
were intact and covered with water on receipt. Each 
coupon was removed from its acrylic box and imaged 
using a digital camera. Tubercles from each cou- 
pon were imaged using the macro feature of the digi- 
tal camera. Select tubercles were embedded in resin 
epoxy and sectioned using a diamond blade, slow 
speed saw. The cross sections were imaged with the 
digital camera. Coupons were fixed in 4% glutaralde- 
hyde (C5H8Oa) buffered with 0.1 M sodium cacodyl- 
ate (|CH,|2AsNa02-3H20) (pH 7.2) and stored overnight 
in a refrigerator at 4°C. Tubercles were removed with 
a scalpel and forceps and rinsed in distilled water for 
3 min to remove the fixative. Tubercles were used for 
the following analyses: (1) environmental scanning 
electron microscopy (ESEM) coupled with energy-dis- 
persive x-ray spectrometry (EDS): (2) transmission 
electron microscopy (TEM): x-ray diffraction (XRD) 
and total organic carbon (TOC). Weight-loss and pit 
depth measurements were used to evaluate corrosion. 

Coupons were cleaned according to ASTM Gl "' 
by washing with a solution of hydrochloric acid (HC1) 
and distilled water (1:1) with 3.5 g/L of hexameth- 
ylene-tetramine (|CH2]eN4). Coupons were digitally 

imaged after cleaning. Pit depths were measured in 
three locations on each coupon surface with a non- 
contact optical profiler with a 3.5-mm optical laser 
pen and averaged. Coupons were weighed to the near- 
est tenth of a gram before exposure and after acid 
cleaning. 

Tubercles were mounted on a Peltier cooling stage 
maintained at 4°C in an ESEM. The ESEM was oper- 
ated at an accelerating voltage of 20 keV with the 
chamber water vapor pressure between 4 torr and 
6 torr. After imaging, the mounted tubercles were 
examined using EDS. Representative elemental com- 
position spectra and maps of metal surfaces, corro- 
sion products, and surface films were collected. 

For examination by TEM, tubercles were removed 
from the coupons and fixed overnight in 0.1 M sodium 
cacodylate buffer (pH 7.0), 2.0% formaldehyde (CH20). 
and 2.5% glutaraldehyde: rinsed with distilled water 
and postfixed 45 min in cacodylate buffered (pH 7.0) 1% 
osmium tetroxide (Os04); dehydrated with an ethanol 
(C,H;0) series (50. 70, 85. 95. and 100%) followed by 
acetone (CHsCOCHa): infiltrated in 50/50% by volume 
resin (nonenyl succinie anhydride [C,.,H2c)0:,: 26 gl, vinyl 
cyclohexene dioxide [C8Hl202: 10 g], diglycidyl ether 
(C6H,0O3; 6 g]), and dimethylaminoethanol (C4H,,NO: 
0.2 g): and cured at 70°C for 36 h. Ultrathin sections 
(-90 nm) were taken with a microtome and a diamond 
knife and collected on 200-mesh Cu grids. Grids were 
stained with lead citrate (C,2H10OMPb3) and 2% aqueous 
uranyl acetate (C,HHO(IU) and viewed using TEM. 

CORROSION—vol. 65, No. 11 709 
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Corrosion products in tubercles and from adja- 
cent areas were prepared for XRD with an agate mor- 
tar and pestle under nitrogen (N2), using acetone to 
prepare a slurry that was transferred lo 2.5-cm-diam- 
eter glass disks. An x-ray diffractometer was used 
in the study. The instrument was operated at a volt- 
age of 35 kV and 15 mA current. A step scan from 2° 
to 70" (2q)0 was used. 0.05° increment and 8 s dwell 
time per step. A steady stream of N2 was used io ilood 
the interior of the instrument to prevent oxidation. 
Data were retrieved and converted to spreadsheets. 

TOC analysis of the tubercles was determined 
using EPA method 415.2.20 Bonner Analytical Labora- 
tory (Hattiesburg. Mississippi) performed the analyses. 

Laboratory Testing 
Electrochemical experiments were designed to 

represent the following sequential conditions on the 
surface of the pilings: 

—establishment of localized 02 concentration 
cells as a result of tubercle formation 

—deposition of Cu under anaerobic conditions 
—formation of a galvanic couple between depos- 

ited Cu and underlying CS 
—exposure of the galvanic couple to Os when the 

ice scour disrupts the tubercle 
CS (chemical composition by %: 0.17 lo 0.23 C. 0.3 lo 
0.6 Mn. 0.04 P max.. 0.05 S max.. and balance Fe)21 

was machined into discs 1.58 cm (5/8 in) diameter 
by 0.158 cm (1/16 in) thickness and squares 10.2 by 
10.2 by 0.32 cm (4 by 4 by 1/8 in). Prior lo exposure 
to synthetic lake water, coupons were rinsed in ace- 
tone, ethanol. and distilled water and dried with N2 to 
removed grease and residual surface debris. 

Synthetic lake water (20 ppm or 5.6 x 10 ' M 
sodium chloride |NaCl]) containing concentrations 
of 32, 16, 8. and 0 ppm Cu2* (molar concentrations 
of 5x 10"' M. 2.5 x 10^ M. 1.25 x 10"' M, and 0 M. 
respectively) was prepared from deionized water and 
reagent-grade crystalline copper sulfate penlahydrale 
(CuSCy 5H20). To examine the effect of [Cl], a solu- 
tion of 10 ppm Cl  (2.8 x 10 4 M NaCl) with 32 ppm 
Cu2* was also prepared. [Cu2*] and [Cl"] were represen- 
tative of DSH water (Table l).13 There are no data for 
storm events when the concentrations of Cu could be 
temporarily higher. 

Disc-shaped CS coupons were mounted sepa- 
rately in electrode holders with a knife-edged polytet- 
rafluoroethylene (PTFE) gasket defining an exposure 
area of 1 cm2. The electrode holder fits into the top of 
a spherical glass corrosion cell, similar to the stan- 
dard cell detailed in ASTM G5.22 A separate 2-L beaker 
contained one square CS coupon along with a satu- 
rated calomel electrode (SCE). New coupons were used 
for each experiment. A salt bridge was fabricated from 
plastic tubing filled with saturated potassium chlo- 
ride (KC1) solution and sealed with glass frits on either 
end in each of (he two containers. At the onset of each 

experiment, the electrode holder was removed from 
the corrosion cell, 700 mL of synthetic lake water was 
added to the corrosion cell and deaerated with dry N2 

for 1 h. At the same time, 500 mL of the same solu- 
tion was added to the 2-L beaker so that 100 cm2 of 
the square CS coupons was submerged. The beaker 
was left open to air. After 1 h, the electrode holder 
was placed into the spherical cell so that the entire 
exposed surface (1 cm2) of the coupon was submerged 
in the deaerated solution. The solution was bubbled 
continually with N2. The cells were then immediately 
connected to a computer-controlled potentiostat/zero- 
resistance ammeter (ZRA)23 where the 1-cm2 disc cou- 
pon was connected to working electrode (WE) cable, 
the 100-cm2 square coupons to the counter electrode 
(CE) cable, and the SCE to the reference electrode 
(RE) cable. The two CS coupons were coupled through 
the ZRA and maintained at the same potential—their 
couple potential vs. SCE. The current flowing between 
the two electrodes was recorded every minute over a 
24-h period. In this configuration the 1-cm2 electrode 
in the deaerated synthetic lake water represents the 
anaerobic area under the tubercle and the larger elec- 
trode represents the surrounding area exposed to 02. 
Positive current indicates electrons flowing from the 
small disc coupon (anode) to the large square coupon 
(cathode). 

After 24 h, the bubbling N2 was stopped and the 
cell was opened to air. Galvanic current was mea- 
sured over the next 24 h. This configuration approx- 
imated the condition of the piling surface after ice 
scour disrupted the tubercles and the Cu-coated 
CS surface was exposed to aerated water. After the 
48-h exposure period (24 h deaerated and 24 h aer- 
ated) coupons were removed and corrosion morphol- 
ogy was examined using ESEM. In a separate series of 
experiments, electrodes were removed alter the 24-h 
deaeration, and the approximate concentration of sur- 
face-bound Cu was determined using ESEM/EDS. 

In addition, anodic potentiodynamic scans were 
performed on two 1-cm2 CS coupons after a 24-h 
deaerated exposure (coupled to separate 100-cm2 

CS cathodes) to two different solutions: (1) 32 ppm 
Cu2*/20 ppm Cl and (2) 0 ppm Cu2720 ppm Cl". 
After 24 h, the coupons were left in the corrosion cell 
but the couple was disconnected from the 100-cm2 

coupon. While maintaining deaerated conditions by 
bubbling N2, a graphite rod and a SCE were inserted 
into the corrosion cell for use as counter and refer- 
ence electrodes, respectively. Potentiodynamic scans 
were performed using the same computer-controlled 
potentiostat/ZRA as described previously. Scans were 
started at a potential -0.005 V relative to a 1-h stabi- 
lized corrosion potential to 0.2 VSCE at a scan rate of 
1 mV/s. This scan rate was chosen over the conven- 
tional 0.167-mV/s scan rate22 to reduce the total scan 
time, thus decreasing dissolution of the coupon and 
alteration of the surface-bound Cu. 
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(a) 

FIGURE 3. (a) Image of tubercle on CS surface and (b) after physical removal of tubercle exposing pits underneath the 
tubercle. 

RESULTS 

Field Experiments 
All coupons recovered from DSH were covered 

with tubercles (Figure 3[al). Pits were exposed when 
tubercles were removed (Figure 3(b)). Tubercles were 
distributed randomly on both sides of the coupons. 
XRD data indicated that tubercles from all three loca- 
tions were amorphous Fe oxides surrounded by mag- 
netite. TEM micrographs confirmed amorphous Fe 
oxides in association with bacteria (Figure 4). All 
tubercles were made up of porous layers or strata. 
Diatoms, animals with siliceous frustules, colonized 
the topsides of the tubercles, and an EDS spectrum 
of the topside indicated the presence of Mg. Al. Si, S, 
K, Ca, and Mn in addition to Fe. The underside of the 
tubercle, the surface that had been in contact with 
the metal, was comprised of bacteria with two pre- 
dominant morphologies: large rod-shaped bacteria 
(Figure 5|a)) and long Fe-encrusted filaments (Figure 
5|b|). The underside of the tubercle contained elevated 
concentrations of S, Sn, Cr, and Cu compared to the 
exterior. A digital image of a cross section through a 
tubercle (Figure 6|a|) illustrates the layered morphol- 
ogy of a DSH tubercle. Cu is evident as a greenish 
sheen in a digital image of a planar view of the under- 
side of a tubercle (Figure 6[b|). An ESEM micrograph 
(Figure 6|c]) and the corresponding EDS dot map (Fig- 
ure 6|dl) of the surface of the tubercle that had been 
in contact with the metal illustrate the uniform dis- 
tribution of Cu under the tubercle. Average pit depth, 
weight loss, and TOC data for the three locations are 
summarized in Table 2. Averaged pit depth ranged 
from 538 urn ± 65.8 to 398 urn ±27.1: weight loss, 
from 60.5 g to 4 1.7 g: and TOC, from 33.9 mg/kg to 
22.6 mg/kg. 

FIGURE 4. TEM micrograph of tubercle interior in cross section, 
showing two bacteria (1.2 \un diameter) surrounded with amorphous 
iron oxides. 

Laboratory Experiments 
In all cases CS surfaces exposed in deaerated 

solutions spiked with Cu2* were covered with Cu 
within a few hours as demonstrated by a dark orange 
surface, while exposure to the unspiked solution 
remained a dull gray. Figure 7 shows the galvanic 
current (uA) vs. time (h) traces for 1 -cm2 CS coupons 
in deaerated solutions of varying |Cu2*] coupled to 
100-cm2 CS coupons in the same solution under aer- 
ated conditions. A [Cl"] of 20 ppm was maintained In 
all solutions. The data trace for the 32-ppm Cu2' solu- 
tion indicates a peak positive current of 15.0 uA after 
1 h, with a steady decrease to 7.5 uA after 24 h. The 
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(a) (b) 

FIGURE 5. ESEM micrographs from the underside of a tubercle indicating the presence of (a) large rod-shaped bacteria 
and (b) long iron-encrusted filaments. 

16-ppm Cu2* solution shows the same trend as the 
32-ppm case but with a smaller peak of 8.5 nA (at 3 h) 
with a steady decrease to 6.0 nA alter 24 h. In con- 
trast, the 8-ppm Cu2* solution does not show a defini- 
tive peak, instead the current sharply rises from 
-1.7 uA to 1.9 uA after 1 h. The current continues to 
increase to a value of 3.2 uA after 24 h. For the 0-ppm 
Cu2* solution, initial current is -6.4 uA and increases 
(less negative) to -0.8 uA after 2 h. Current slowly 
increases to -0.2 uA hut does not become positive 
after 24 h. unlike the experiments with Cu2* in solu- 
tion. When the peak current value (uA) for each solu- 
tion is plotted vs. the ppm [Cu2*] in solution, a positive 
linear trend is observed (Figure 8). 

Figure 9 shows the galvanic current (uA) vs. time 
(h) traces of the couples after the deaerated solutions 
were open to air. Initially, all current profiles were 
negative for solutions spiked with Cu2*. The solu- 
tion with 32 ppm Cu2* had the most negative value of 
-19.3 (iA. After 0.5 h, these current traces increased 
to positive values. Currents for the 32-ppm and 
16-ppm Cu2* solutions continued to increase through- 
out the 24-h period, while current for the 8-ppm 
solution showed a decrease after the initial peak. In 
contrast to the Cu-containing solutions, the 0-ppm 
Cu2* solution had an initial current which was pos- 
itive (5.3 (iA) and then decreased to 2.5 JJA in the 
first hour. The current increased to 3.3 uA after 3 h 
and then slowly decreased to 2.5 pA for the remain- 
der of the 24 h exposure period. When the peak cur- 
rent value for each solution is plotted vs. the ppm 
Cu2* concentration in solution, a positive linear trend 
is only observed through non-zero values of [Cu2*] 

(Figure 10). Currents for the 32-ppm and 16-ppm 
cases continued to increase at the end of the expo- 
sure; therefore, the peak current may not have been 
reached during the 24-h period. 

The effects of varying [Cri from 20 ppm to 10 ppm 
at a constant [Cu2*] of 32 ppm for both the deaer- 
ated and aerated exposures are illustrated in Figures 
11 and 12. respectively. For the deaerated exposure 
(Figure 11). similar curve trends are observed for 
the two different [Cl"). The 10-ppm Cl solution has a 
slightly smaller peak current of 13.9 uA (vs. 15.0 pA 
for 20 ppm Cl) with both solutions showing a current 
decrease to -8.0 uA after 24 h. For the aerated expo- 
sure (Figure 12), the current trends are again similar, 
except the lower [Cl"] slowly decreases after peaking at 
6.2 uA after 1.5 h in contrast to the 20-ppm |Cr| solu- 
tion, which continues to increase. 

Anodic potentiodynamic scans performed on 
deaerated 1-cm2 CS coupons are shown in Figure 13 
after 24 h of deaerated exposure and coupling to the 
100-cm2 aerated coupon. Exposure to 32 ppm Cu2' 
and 0 ppm Cu2* (both with 20 ppm Cl") had similar 
corrosion potentials of -0.682 V^K and -0.653 V^p. 
respectively. Anodic scans of the 32-ppm Cu2* expo- 
sure produced current values an order-of-magnltude 
higher than the exposure with 0 ppm Cu2*. 

The surface Cu concentration of each 1 -cm2 CS 
coupon (coupled to the 100-cm2 coupon) after 24 h of 
deaerated exposure was determined semi-quantita- 
tively using EDS for each Cu2* solution. A 50-wt% Cu 
surface concentration was measured after exposure to 
the 32-ppm Cu2* solution, with the balance being Fe. 
Cu concentrations of 21% and 20% were measured for 
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(b) 
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9|   I 

110 Mm 

(c) (d) 
FIGURE 6. (a,) Cross section of resin-embedded DSH tubercle, showing layers of material within the core. The scale bar 
indicates 0 to 0.6 mm. (b) Planar view of the underside of a tubercle. Green sheen is due to accumulation of Cu. (c) ESEM 
micrograph and (d) corresponding EDS dot map illustrate the homogeneity of Cu layer that had been in contact with the CS 
surface under the tubercle. 

exposures to (he 16-ppm and 8-ppm Cu2* solutions, 
respectively. No Cu was measured on the coupon sur- 
face exposed to the O-ppm Cu2* solution. 

After the 48-h exposure period (24 h deaerated 
and 24 h aerated) coupons were removed and corro- 
sion morphology was documented using ESEM. Pres- 
ence of Cu2* In solution resulted in small (25 um to 
75 urn diameter) pits on CS surfaces. No pits were 
observed in the absence of Cu. 

DISCUSSION  

CS panels from three locations, two inside 
DSH (i.e.. Cutler-Magner and Midwest Energy) and 

upstream of the DSH (i.e., Oliver Bridge), were similar 
in the following characteristics: 

—Tubercles formed on both sides of the coupons. 
—Tubercles were composed of amorphous Fe 

oxides associated with bacteria. 
—Tubercle surfaces were colonized with diatoms. 
—Tubercles were made up of chemically distinct 

strata. 
—The innermost stratum of tubercles contained 

heavy metals including Cr, Mn. and Ni with a 
distinct layer of Cu (Figure 6). 

Tubercles located on both sides of the coupons Indi- 
cated that their formation was not influenced by light. 
Weight loss, a measurement of general or uniform 
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FIGURE 8. Peak galvanic current (uA) measured during the first 

24 h of exposure under deaerated conditions (for the 1 -cm2 coupon) 

vs. the [Cu2'] in solution. 
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FIGURE 9. Galvanic current (uA) measured for 24 h after deaerated 

solutions (Figure 7) were opened to air. 
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FIGURE 10. Peak galvanic current (uA) measured during the second 

24 h of exposure under aerated conditions (for the 1-crrf coupon) vs. 
the [Cu2'} in solution. 

corrosion, and pit depth, a measure of localized corro- 
sion, indicated the same trends in corrosion: Cutler- 
Magner > Midwest Energy > Oliver Bridge (Table 2). 

In the present study, we established a spatial 
relationship between bacteria, tubercles, deposited 
Cu. and localized corrosion. TEM and ESEM images 
(Figures 4 and 5) demonstrated bacteria associated 
with the tubercle interior. Twisted filaments found in 
the DSH tubercles (Figure 5|b]) are typical of sheath- 
producing microaerophilic iron-oxidizing bacteria 
(IOB). e.g.. GaUionello. The bacterium is a kidney- 
shaped cell (not evident in Figure 5|b)) with an elon- 
gated stalk made up of helically wound mineralized 
fibrils.2' Hicks2"1 previously isolated an IOB from cor- 
roded areas on coupons exposed in DSH and identi- 
fied the organism as Sideroxydans lithotrophicus by 
sequencing the 16S rDNA. In his studies, the IOB 
from corroded surfaces could not be isolated from 
non-corroding surfaces. IOB derive energy from the 
oxidation of ferrous (Fe2*) to ferric (Fe3*) at near-neu- 
tral pH. and in some cases the result is the forma- 
tion of dense tubercles or ruslicles of filamentous Fe 
oxides. At pH > 5, Fe2' spontaneously oxidizes to Fe3* 
(t,/2 < 15 min). At circumneutral pH. IOB compete 
with abiotic Fe2* oxidation in low-02 environments. 
Druschel. et al..2(' determined that the maximum O^, 
levels associated with the growth of Sicleraxydcuis 
lilhotrophiciis were 15 uM to 50 uM. 02 gradients are 
produced by biofilms on surfaces.27 The dissolved 02 

concentration in DSH bulk waters is routinely 7 ppm 
(219 uM) or greater and does not vary systematically 
with depth. IOB have been reported in Lake Superior, 
particularly associated with rustides on shipwrecks, 
e.g.. Comet, Osborne, and Edmund Fitzgerald.2" 

MIC is defined as corrosion resulting from the 
presence and/or activities of microorganisms.2" IOB 
have been implicated in MIC since the 1960s.30 It is 
well established that tubercle formation by IOB pro- 
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FIGURE 11. Galvanic current (uA) measured for 24 h for the 1-crrf 
CS coupon in deaerated solutions of 10 ppm and 20 ppm Cl with 
32 ppm Ci/' coupled to the 100-cm* CS coupon exposed to the 
same solution under aerated conditions. 

duces an 02 concentration cell. Most of the docu- 
mented MIC case histories associated with lOB 
tubercle formation have involved exposure of austen- 
itic 300 series (Types 304 [UNS S30400] or 316 |UNS 
S31600)"1} stainless steels in untreated well water 
(200 ppm to 300 ppm [Cl"]) and chlorinated drinking 
water.31 39 IOB form dense deposits, excluding 02 from 
the area immediately under the deposit. In an oxygen- 
ated environment, the area deprived of 02 becomes 
a relatively small anode compared to the large sur- 
rounding oxygenated cathode. Metal is oxidized at the 
anode and pH decreases. The extent of the decrease 
is determined by the alloy composition.4" For this rea- 
son. Oa concentration cells produce particularly 
aggressive corrosion on 300 series stainless steels, 
containing 17.5% to 20% Cr. Cl migrates from the 
electrolyte to the anode to neutralize charge, forming 
heavy metal chlorides that are extremely corrosive. 
Under these circumstances, pitting involves the con- 
ventional features of differential aeration, a large 
cathocle:anode surface area, and the development of 
acidity and metallic chlorides. 

Corrosion of CS in DSH cannot be due to the well- 
characterized mechanism for IOB-influenced corro- 
sion of 300 scries stainless steels. The electrochemical 
experiments described in this paper confirm that dif- 
ferential aeration cells alone do not cause aggressive 
corrosion of CS in fresh water (Figure 7, 0 ppm Cu*2). 
Furthermore, varying [Cl | did not greatly impact the 
galvanic current behavior in the presence of 32 ppm 
Cu24 under any test condition (Figures 11 and 12). 

Accelerated corrosion of CS in contact with Cu 
in fresh water has been acknowledged since the early 
1920s." In our studies. Cu2* precipitated on anaero- 

IINS numbers arc listed In Metals and Alloys in the Unified Num 
bering System, published by the Society of Automotive Engineers 
(SAK International) and cosponsorcd by ASTM International. 
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TABLE 2 
Average Pit Depth, Weight Loss, and Total Organic Carbon 

Data for the Three Locations at Duluth Superior Harbor, 
Minnesota and Wisconsin 

Cutler- 
Magner 

Midwest 
Energy 

Oliver 
Bridge 

Average pit depth (urn) 538 ± 65.8 482 ±81.0 398 ±27.1 
Weight loss (g) 60.5 44.4 41.7 
Total organic carbon 

(mg/kg) 33.9 22.6 33.2 

bic CS surfaces (Figures 6[b] through [dj). A positive 
current established by the galvanic couple between 
the Cu-coated CS (anaerobic anode) and the larger 
CS (aerobic cathode) was initially high, but stabilized 
within a few hours (Figure 7). The positive value of the 
galvanic current indicated that the anode was prefer- 
entially corroding with respect to the cathode. Peak 
positive galvanic current scaled linearly with solution 
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[Cu2*| (Figure 8) and can be explained by increased 
anodic kinetics for Cu-coaled CS under anaerobic 
conditions (Figure 13). When 02 was introduced to 
the anaerobic anode, the galvanic current decreased 
to negative values for all solutions spiked with Cu3* 
(Figure 9). With both coupons exposed to 02. the Cu- 
coated CS coupon had a higher corrosion potential 
than the larger CS coupon due to Cu having a higher 
redox potential than Fe. However, after 0.5 h the gal- 
vanic current increased to positive values, indicating 
that the Cu-coaled coupon was again preferentially 
corroding with respect to the larger CS coupon. Ice 
scouring breaks tubercles, which allows ingress of 
02 and aggressive corrosion. The depth of the aggres- 
sive corrosion coincides with the range over which ice 
scour is reportedly important. The peak galvanic cur- 
rent under both anaerobic and aerobic conditions is 
related to [Cu*2] over the range from 0 to 32 ppm (Fig- 
ures 8 and 10). 

Several investigators have reported metal-binding, 
including Cu, by bacterial exopolymers.42 4'' Others 
have demonstrated that bacterial EPS rich in uronic 
acids promote deterioration of metals.""4B Geesy, et 
al..46 described deterioration of a metallic Cu film due 
to the formation of Cu concentration cells. In their 
studies, cells of an adherent freshwater bacterium 
produced exopolymers capable of binding Cu*2, creat- 
ing Cu concentration gradients on the surface. 

Bacteriogenic Fe oxides, made up of intact and/ 
or partly degraded remains of bacterial cells mixed 
with amorphous hydrous ferric oxides, are formed 
in response to chemical or bacterial oxidation of Fe2* 
to Fe3*.47 Bacteriogenic Fe oxides have reactive sur- 
faces and act as sorbents of dissolved metal ions, and 
enrichments ofPb. Cd. Al. Cu, Cr, Mn. Sr. and Zn 
have been reported.1" 1" The TOC in the DSH tuber- 
cles, ranging from 22.6 mg/kg to 33.9 mg/kg. dem- 
onstrated an organic component in the corrosion 
products. Gerke. et al.,80 examined five tubercles from 
a single drinking water distribution system, evalu- 
ating morphology, mineralogy, and chemistry. The 
overall morphology of all five samples was similar—a 
core (either soft or hard) with a hard shell layer cov- 
ered with surface material. They demonstrated that 
heavy metals were either trapped within the struc- 
ture or sorbed onto regions of the tubercles. The over- 
all morphology of DSH tubercles was similar to that 
described by Gerke, et al.s0 The possibility that bac- 
teriogenic Fe oxides in DSH tubercles sorbed Cu was 
considered and discarded. The distribution of Cu In 
the DSH tubercles was a well-defined layer at the base 
of the tubercles (Figures 6[b] through [d]). 

The individual events leading to the corrosion of 
CS pilings in DSH are predictable, i.e., colonization 
of the surface by IOB followed by the establishment 
of differential aeration cells. However, this is the first 
report of deposition of Cu as a result of microorgan- 
isms and the influence on corrosion of CS. 

CONCLUSIONS 

• A combination of biological, chemical, and physi- 
cal events contribute to the corrosion of CS pilings In 
DSH. Dense deposits of IOB create conditions for Cu 
precipitation on CS surfaces. Ice scouring disrupts the 
tubercles and exposes localized areas of Cu-covered 
CS to 02. The resulting galvanic cell produces aggres- 
sive localized corrosion. The individual events in the 
sequence are predictable, but have not been previ- 
ously reported. No attempt has been made to relate 
the galvanic current measurements made In the labo- 
ratory to the corrosion measured in the field. Galvanic 
current is related to the aggressiveness of the corro- 
sion but cannot be converted to corrosion current or 
rate of penetration. In our experiments the magnitude 
of the galvanic current is related to the amount of Cu 
deposited on the surface, which is directly related to 
the concentration of dissolved Cu2*. The magnitude of 
the galvanic current measured in the laboratory will 
also be related to the anodercathode area ratios. We 
have no information about these relative areas on the 
pilings. 
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